Over the years these techniques have grown increasingly popular. Recognizing that the number of reported cases are only a fraction of actual attempted ablations, catheter ablative procedures are probably the most widely used nonpharmacological intervention for treatment of patients with drugresistant tachyarrhythmias. Accordingly, it is appropriate to review current experience to place these procedures in the proper clinical context.
The committee decided to provide a succinct overview of various energy delivery systems, followed by explanations of rationale, techniques, and results for specific ablative procedures. Catheter ablation of the atrioventricular (AV) junction and accessory pathway and for ventricular tachycardia are discussed. Each section concludes with clinical recommendations for the use of various ablative techniques. Obviously, these recommendations are subject to change as additional knowledge and experience with these techniques accumulate.
Energy Delivery Systems Direct Current In direct current (DC) catheter ablation, a conventional defibrillator is used to deliver current to the patient. The high energy impulse is delivered from a defibrillator connected to a standard electrode catheter. The distal electrode of the catheter is used as the cathode or source of defibrillator energy output, while an indifferent back plate serves as the anode sink. Conventional defibrillators have a damped si-"Current Role of Catheter Ablative Procedures in Patients With Cardiac Arrhythmias" was approved by the American Heart Association SAC/Steering Committee on May 17, 1990. Correspondence should be sent to the Office of Scientific Affairs, American Heart Association, 7320 Greenville Avenue, Dallas, TX 75231. nusoidal current flow, after which a capacitor discharges through an inductor coil.
The major determinants for tissue injury are electrode contact and energy delivered. The acute pathology of DC shock consists of contraction band necrosis with foci of hemorrhage and a heterogeneous loss of cellular detail. 12 Chronic findings include fibrosis and fatty infiltration. The lesion volume obtained with DC ablation is proportional to the energy delivered.3,4 In shocks of 250 J, the area of left ventricular damage is 2.0-3.4 cm3 and usually transmural. The distribution of cellular electrophysiological changes is predicted more accurately by estimates of the distribution of field strength than by temperature gradient. 5 Direct current ablation performed in the left ventricle of intact dogs is arrhythmogenic, with frequent ventricular fibrillation and ventricular tachycardia.6 With higher energy shocks (100-400 J), episodes of ventricular tachycardia occur early and decrease in frequency and duration by the seventh day.7 '8 Injurious effects of DC shock may be produced by a combination of light, heat, pressure and intensity of current. Endocardial temperature increases of approximately 15°C can be expected to exert only slight effects. Although coherent light (laser) produces a different pattern of pathological damage, a white flash has minimal effects. Barotrauma does not explain the symmetric lesions with bipolar shocks delivered from electrodes on either side of the septum. 6 The electrical gradient generated by the discharge is probably the major determinant of tissue damage. In catheter ablation, conventional electrophysiological leads are used in conditions for which they were not originally designed. Within 1-2 msec, peak currents of 20-40 A occur along with voltages in the kilovolt range. The electrode surface will often reveal fine pitting and melting secondary to the high temperatures within the vapor globe. With multipo-lar electrode catheters, there is a high voltage gradient between the distal electrode and the more proximal ring electrodes. There are considerable intermanufacturer and intramanufacturer differences in the ability of the lead to withstand shock.9 Techniques using active fixation10 and applied suction" have been successfully tested both in canine His bundle ablation and in in vitro testing of biophysical characteristics.12
Nonarcing Electrical Techniques
A nonarcing DC delivery system consists of DC energy that does not generate the flash or vapor globe. Smaller energies of 0.6 J instead of 50-300 J are produced during a period of 10 ,usec instead of 2-4 msec, so that high-intensity shocks (12-25 A or 1.8-2.8 kV) are generated with no arcing or pressure changes. 13 The electrode design has been altered to allow uniform current density, producing an increase in the arcing threshold.14 These nonarcing methods of DC delivery have been used in successful canine13 and human AV junctional ablation15 and therefore may have great potential for clinical use.
Suction Electrode Technique
Enhanced efficiency of delivered energy and a decrease in energy requirements occur by active fixation'0 and applied suction to the endocardium."1 These techniques have been successfully tested both in canine His bundle ablation and in in vitro testing of biophysical characteristics.12 Clinical testing of these techniques is imminent.
Radio Frequency Energy
Radio frequency energy is derived from lowpower, high-frequency alternating current. Depending on the output mode (bipolar/unipolar), frequency (30-750 kHz), the waveform (damped or unmodulated sinusoid), and the power output, different effects can be achieved, ranging from electrosurgical cutting to heating without coagulation. The latter results in myocardial necrosis through resistive heating without arcing. The energy used is 5-30 W delivered through a 300-750 kHz generator.
The advantage of radio frequency is its capability to deliver graded amounts of energy to a more focused area. Unlike DC shock, radio frequency does not obscure the His bundle deflection. The frequencies do not stimulate muscles or nerves; therefore, general anesthesia is not required. Because of the characteristics of radio frequency, barotrauma does not occur. Therefore, radio frequency is safer in thin-walled structures such as the coronary sinus, where arcing DC ablation cannot be used safely. Unlike DC energy delivery, rupture of the coronary sinus has not been reported with radio frequency. 16"17 Furthermore, sustained arrhythmias, pressure changes, or perforations have not been reported after radio frequency was used in the atrium.18 In pathological studies, radio frequency lesions were small and homogeneous, which probably explains their low potential to produce cardiac dysrhythmias. 19 As in DC ablation, in vitro testing of lead integrity has shown breakdown of voltage between electrodes with use of radio frequency energy. 20 There have also been attempts to lower energy requirements and improve efficiency with either active fixation or suction electrodes.21
Catheter-induced Atrioventricular
Junctional Ablation The clinical manifestations of many cardiac arrhythmias are dependent on the function of the AV conduction system. In arrhythmias that arise completely within atrial tissue (i.e., atrial tachycardia, atrial flutter, and atrial fibrillation), the AV node and bundle of His conduct impulses to the ventricles, and the abnormalities of ventricular rate produced during these arrhythmias are often responsible for the majority of the patient's symptoms. In paroxysmal supraventricular tachycardia due to AV nodal or AV reentry, the AV node forms an obligate portion of the reentry circuit, and interruption or appropriate modification of AV nodal conduction will prevent arrhythmia occurrence.
Traditionally, pharmacological manipulation of AV nodal conduction has often been the primary therapy for these arrhythmias. However, drug therapy is not uniformly successful and may result in adverse effects caused by drug-related toxicity. In 1982 Scheinman et a122 and Gallagher et a123 independently reported a catheter technique for ablation of the AV conduction system. The initial studies used catheter-delivered DC shocks to produce the desired changes in AV conduction. In larger series of patients, favorable experience with this technique has led to its widespread use and the development of other techniques that selectively modify AV conduction. 24 Technique
The AV node lies in the floor of the right atrium, anterior to the ostium of the coronary sinus and just above the insertion of the septal cusp of the tricuspid valve. Fibers from the AV node penetrate into the central fibrous body, where they merge into the Purkinje cells of the bundle of His, which continues anteriorly along the junction between the membranous and muscular portions of the interventricular septum. In patients with AV nodal reentry and dual AV nodal pathways, the fibers with slow pathway conduction properties tend to be located near the coronary sinus os, whereas anterior fast pathway fibers are more commonly found closer to the bundle of His. Multipole electrode catheters can be advanced from the femoral vein and positioned across the tricuspid valve to record atrial, His bundle, and ventricular electrograms. Careful positioning of the electrode used for the ablation allows delivery of energy to be concentrated on either the proximal bundle of His when complete interruption of AV conduction is desired or on the AV nodal region when AV nodal modification is the goal.
Direct current shock was the first widely used technique for catheter ablation of the AV conduction system. In this technique a standard electrode catheter is placed in the His bundle position and connected to a defibrillator, using the electrode showing the largest His bundle deflection as the cathode and a conductive patch placed over the left scapula as the anode. Energy settings of 200-300 J are usually used, and most laboratories deliver a second shock with the catheter in the same position. If the catheter is pulled back slightly so that a larger atrial deflection is recorded, the ablation shock will be concentrated on the AV node rather than the His bundle. This latter approach has been used with limited success to modify, but not totally interrupt, AV conduction in patients with AV nodal reentry or if rate control in an atrial arrhythmia without permanent pacing is the desired end point.
Delivery of DC shocks is painful and requires general anesthesia, and the size of the lesion produced may be difficult to control. For these reasons, alternate techniques for catheter ablations, including laser photocoagulation, cryothermic ablation, chemical ablation, nonarcing low energy DC shocks, and radio frequency ablation have been developed.
Of these, radio frequency ablation is the most widely used. Radio frequency lesions are caused by the resistive heating of tissue around the catheter tip25 and are small and discrete, compared with those produced by DC shocks. The development of catheters with a 3 or 4 mm distal electrode has improved the success rate of radio frequency ablation, and the more manageable size of the lesion has allowed more selective ablation procedures. The catheter position for His bundle ablation with radio frequency energy should be slightly more proximal than that used for DC shocks. Radio frequency lesions placed with further retraction of the catheter may be used to selectively ablate the retrograde fast pathway conduction in patients with dual AV nodal pathways. The required catheter positioning for selective slow pathway ablation is more inferior, lying nearer to the os of the coronary sinus. To maintain contact between the catheter tip and the tissue being ablated by radio frequency, flexible catheters are often introduced through long sheaths. During the initial seconds of radio frequency lesion placement for complete AV conduction interruption, an accelerated junctional rhythm is usually noticed. After completion of the ablation, the escape rhythm is often a narrow complex junctional rhythm in contrast to the wide complex and slower idioventricular rhythm more commonly seen when DC shocks are used.26
Results
Atrioventricular junctional ablation is a rapidly evolving technique, and reported results have improved gradually over time. The Percutaneous Catheter Mapping and Ablation Registry (PCMAR) was instituted in 1983 to monitor use of these procedures. Results from 552 patients who underwent attempted AV junctional ablation with DC shock were published in 1988. 24 In this series, third-degree AV block was produced in 65% of patients. AV conduction was still present but favorably modified in 20% of patients, with 40% of these asymptomatic without antiarrhythmic drugs and 60% of these asymptomatic with drug therapy. The procedure was unsuccessful in 16% of patients. In 90% of trials, the first shock delivered resulted in third-degree AV block, with a reported escape rate of 45 beats/min. In the PCMAR registry, the amplitude of the unfiltered His bundle deflection and the use of initial shocks of 300 J or more were correlated with success. Most patients later received permanent pacemakers; adaptive rate ventricular pacemakers were usually selected. More recent data from a single center has shown that the initial success rate was 86%, with only 4% of patients recovering conduction during late follow-up. 27 The published data on the success of radio frequency ablation for interruption of AV conduction are more preliminary than those for DC ablation. The radio frequency lesion is considerably smaller than the DC lesion, and achieving adequate tissuecatheter contact is more critical. The earliest studies used standard electrode catheters designed for routine recording. It is anticipated that continued improvements in catheter design will allow more efficient ablation with radio frequency energy. With present technology, expected success rates with radio frequency delivery alone for complete interruption of AV conduction should be between 50% and 75%. Total success rates for radio frequency followed by direct current shock (if necessary) are more than 80%. 26, 28 Several studies have examined the impact of AV junctional ablation on quality of life and postprocedure functional status. 27, 29 In both studies, AV junctional ablation reduced hospital and drug administration for recurrent symptomatic arrhythmias and improved psychological well-being and functional capacity.
Atrioventricular junctional ablation has been reasonably well tolerated. The PCMAR registry reported only two procedure-related deaths in the 522 patients in their series. 24 Other major but infrequently reported complications include hypotension, cardiac perforation, transient arrhythmias, and procedure-related pacemaker problems. Late sudden death was reported in 10 of 522 patients, but the role of catheter ablation in these deaths is uncertain, given the severe underlying heart disease in the population. Radio frequency ablation appears to be much better tolerated than direct current since general anesthesia is not required. It is also associated more frequently with a stable escape rhythm and has few procedure-related complications. 28 As mentioned above, AV junctional modification for the treatment of AV nodal reentrant tachycardia can be performed with either DC shock or radio frequency ablation. Data about the short-term efficacy and long-term results of this procedure are quite limited, but preliminary reports appear promising. Using DC shock, Haissaguerre et a130 successfully ablated one of the dual AV nodal pathways in 14 of 21 patients. Goy et a'31 reported complete success using radio frequency in 4 of 8 patients. Lee et a132 also used radio frequency and eliminated AV nodal reentry in 32 of 39 (83%) patients. Complete AV block was produced in three other patients in that series. In a preliminary report, Morady et a133 reported successful control of AV nodal reentry in all 19 patients. Long-term follow-up data are needed for a formal evaluation of the technique, but the procedure appears extremely promising.
Recommendations
Catheter ablation or modification of the AV junction provides an important alternative for treating arrhythmias in which the AV node is used either for AV conduction or as an integral part of a reentrant circuit. When performed by experienced personnel, these procedures have a high probability of producing either a desired complete heart block or selective elimination of one of two AV nodal pathways. The techniques are rapidly evolving, with apparent improvements in the selectivity and safety of the procedures.
In the treatment of atrial fibrillation and atrial flutter, AV junctional ablation followed by implantation of an adaptive rate pacemaker provides reliable control of ventricular rate without drug therapy, which has the potential for toxicity. AV synchrony and the hemodynamic contribution of atrial contraction are sacrificed and the risk of late embolization due to atrial arrhythmias remains. The relative importance of these advantages and disadvantages will vary between individual patients, but AV junctional ablation may be an appropriate option in many cases.
The ability to selectively modify the dual AV nodal pathway physiology responsible for AV nodal reentrant tachycardia promises to open a new era in the management of patients with this arrhythmia. At present, results from only a few centers are available, but if these early reports are confirmed, the technique may become the procedure of choice for any patient with symptoms severe enough to warrant chronic therapy and to incur a low but appreciable risk of AV block.
Catheter Ablation of Extranodal
Accessory Pathways Extranodal accessory pathways serve as electrical links between atrium and ventricle and are found coursing over the left free walls and septum and across the tricuspid annulus. The only area apparently spared is the aortic-mitral continuity. A number of surgical reports have documented the efficacy and safety of surgical interruption of these pathways. 34, 35 Interruption of these pathways prevents both reentrant AV arrhythmias as well as those due to atrial tachycardia, flutter, or fibrillation associated with rapid anterograde conduction. Successful interruption of these pathways without damage to the normal conduction system results in cure.
Techniques
More recently, several catheter ablative techniques have been introduced to achieve closed-chest disruption of these fibers. Fisher et a136 were the first to introduce attempted catheter ablation of left free wall pathways by means of delivering DC shocks within the coronary sinus in proximity to the atrial insertion of the accessory pathway. Morady et a137 introduced catheter ablation of posteroseptal accessory pathways, where DC shocks were delivered to the proximal pair of electrodes (from a quadripolar catheter) positioned just outside the os of the coronary sinus. More recently, Warin et a138 described catheter ablation of pathways in all cardiac locations. This group introduced the concept of placing catheters in the left atrium either through a patent foramen ovale or by transseptal puncture with delivery of catheter shocks to atrial insertion of the accessory pathway. Similar techniques have been described for attempted ablation of septal or right free wall pathways. Recent preliminary reports have described use of radio frequency energy for attempted catheter ablation of accessory pathways.39'40
Results
The reported efficacy of catheter ablative procedures for attempted disruption of accessory pathways is summarized in Table 2 . Newman, Evans, and Scheinman41 have recently summarized experience with catheter ablative techniques. Available data from five centers show a highly variable efficacy rate when catheter ablative techniques are used in patients with left free wall pathways. Of the 21 attempted ablations reported, 13 were completely successful in interrupting both anterograde and retrograde pathway function, and three were partially successful in that the effective refractory period of the pathway was increased. In some patients, arrhythmia control was possible either without anti- Complete, arrhythmia controlled without medication; partial, arrhythmia controlled with previously ineffective medication; failure, arrhythmia not controlled. arrhythmic drugs or with drugs that previously failed. Five attempts failed. There is more experience with use of catheter ablative techniques for patients with posteroseptal accessory pathways. This category includes patients with the permanent form of junctional reentrant tachycardia. Of 114 patients, complete interruption of the pathway was attained in 77 (68%) and partial success in 8 (7%). Thirty-five (31%) attempted catheter ablations failed. A total of 37 attempted catheter ablative procedures has been reported for patients with right free wall pathways. Of those, a completely successful response was reported in 32 (86%), partial success in one (3%), and four attempts failed.
Complications
Complications of catheter ablative procedures used in patients with accessory pathways include perforation of the coronary sinus when high energy DC discharges were directed to catheters positioned within the coronary sinus.42 Rupture resulted in acute cardiac tamponade, and at least two deaths have been reported to the PCMAR. Transient spasm of the right coronary artery has also been reported after attempted ablation.43 In the largest available series of attempted catheter ablation of posteroseptal accessory pathways (48 patients), with shocks delivered outside the coronary sinus,44 three major complications were reported, including rupture of the coronary sinus requiring emergency pericardiocentesis (one), development of complete AV block (one), and transient atrial dysrhythmias (one). In the largest, fully reported series of catheter ablative procedures in patients with pathways in all locations,31 three patients developed ventricular fibrillation after delivery of shock (all were successfully defibrillated), one developed a pericardial rub, and one had complete AV block.
A series of recent preliminary communications have documented the remarkable efficacy and safety of radio frequency45-48 or short-duration, low-energy DC shocks49 for ablation of accessory pathways. Moreover, success has been achieved for pathways in all locations. The only reported serious adverse effect was coronary spasm of the left circumflex after radio frequency for attempted ablation of a left free wall accessory pathway. Other groups have recently reported success using high energy DC shocks.5051 Recommendations Catheter ablative procedures are still considered experimental and should be attempted only by skilled teams fully trained to perform and monitor invasive electrophysiological procedures. Such procedures should be performed with full anesthesia and cardiac surgical back-up in view of reported complications involving rupture of the coronary sinus and coronary artery spasm. They should be performed with full knowledge of the reported benefits and risks of cardiac surgical procedures used for interruption of accessory pathways.
The remarkable results reported for radio frequency ablation of accessory pathways promises to radically change management of patients with symptomatic arrhythmias mediated by accessory pathways. If initial reports are confirmed, ablation may well become the treatment of choice for symptomatic patients with accessory pathways. This approach appears eminently reasonable to avoid the lifelong need for drug therapy. Cardiac electrosurgery should apparently be reserved for patients in whom attempted catheter ablation fails.
Catheter Ablation of Ventricular Tachycardia
The data suggest that reentry with discrete areas of slow conduction is the most common mechanism of sustained monomorphic ventricular tachycardia in patients with myocardial infarction.52,53 Surgical techniques have been successfully used to excise or ablate critical components of the reentry circuit of ventricular tachycardia,54 particularly in patients with discrete left ventricular aneurysms. Surgical therapy has typically involved the excision or ablation of large areas (4-6 cm2) of left ventricular endocardial and subendocardial tissue and has been guided by the site of earliest ventricular activation during ventricular tachycardia.
Hartzler55 reported the first use of catheter ablation for treatment of patients with ventricular tachycardia. Multiple subsequent reports have given a wide range of results for attempted catheter ablation of ventricular tachycardia, with success in 12-85% of patients.4'
Techniques
The purpose of mapping techniques for catheter ablative procedures has generally been to locate the earliest site of endocardial activation during ventricular tachycardia in a fashion analogous to the mapping that was a successful guide to surgical therapy of ventricular tachycardia. Another approach has been to perform pace mapping to identify the pacing site producing a QRS homologous to the QRS morphology in ventricular tachycardia. 56 The third approach to mapping has been to identify the region of slow conduction in ventricular tachycardia, either by dem-onstration of a pacing site with high thresholds and long stimulus to QRS intervals during ventricular tachycardia57 or by transient entrainment analysis.58 Once a target site for ablation has been located, variable amounts of DC energy have been delivered through an electrode catheter. Both anodal and cathodal shocks have been used. Current sinks are usually applied to the chest wall, although shocks occasionally have been given between catheters placed on opposite sides of the interventricular septum.
Results
The results of attempted catheter ablation of ventricular tachycardia have yielded variable but generally disappointing results. A telling statistic illustrating the general disappointment with this therapy for ventricular tachycardia is contained in the PCMAR report.24 While ventricular tachycardia is a problem of far greater magnitude and encountered far more frequently than tachycardias requiring AV junction ablation, the PCMAR data report only 164 patients in whom ventricular tachycardia ablation had been attempted, whereas 552 patients have undergone attempted AV junction ablation. Of the 164 patients reported in the PCMAR summary, only 18% have not had recurrent ventricular tachycardia and are taking no antiarrhythmic drugs. Inducibility of ventricular tachycardia in patients with successful clinical responses was not reported. An additional 41% of patients have not had recurrent ventricular tachycardia but have required continued antiarrhythmic drug therapy. The remaining 41% of patients underwent unsuccessful ablation attempts.
A recent review of the literature41 reports attempted catheter ablation of ventricular tachycardia in 238 patients. Some were included in the PCMAR data, and many were reported in abstracts. Of the 238, only 38% were successful ablations.
An important exception to these discouraging results has been the high success rate reported for catheter ablation of ventricular tachycardia due to reentry in the His-Purkinje system, although only small numbers of patients were involved. Combined reports of 14 patients41 indicate success in 13, with partial success in the remaining patient using a technique that ablates the right bundle branch.
Complications
As a group, patients with sustained ventricular tachycardia have severe prior myocardial damage that puts them at high risk for any procedure. In fact, the high risks associated with surgery for ventricular tachycardia have been a primary stimulus to development of catheter ablation techniques. Additionally, some patients undergoing attempted catheter ablation have been near death with incessant ventricular tachycardia. Nonetheless, reported complications have been serious and frequent. In the PCMAR report,24 procedure-related deaths were reported in 6.7% of patients. Other complications included hypotension, acute pulmonary edema, cerebrovascular events, pulmonary embolus, cardiac tamponade, pericarditis, myocardial infarction, syncope, left ventricular thrombus, sepsis, chest pain, and new arrhythmias.
Recommendations
Ideal techniques for localizing sites for catheter ablation and delivering ablative energy have not been developed, and the results of catheter ablation of ventricular tachycardia have been, in general, discouraging. Thus, catheter ablation of ventricular tachycardia should still be considered an investigative procedure. Patients with infrequent and hemodynamically poorly tolerated episodes of ventricular tachycardia would be better treated with an implantable cardioverter-defibrillator. Exceptions include those with frequent episodes of ventricular tachycardia or ventricular fibrillation and those in whom defibrillation thresholds exceed the energy provided by the devices. Patients with mappable ventricular tachycardia refractory to medical therapy should be considered for map-directed surgery for ventricular tachycardia.
Catheter ablation of ventricular tachycardia should be reserved for patients with mappable ventricular tachycardia who are at unacceptably high risk for surgery and who are not suitable candidates for insertion of the automatic cardioverter-defibrillator.
Summary
Catheter ablative techniques have assumed an increasingly important role in the treatment of patients with drug-refractory cardiac arrhythmias. Catheter ablation of the AV junction is considered the procedure of choice for management of patients without bypass tracts with drug-resistant supraventricular arrhythmias. Catheter techniques have been used with increasing frequency in attempts to ablate accessory AV tracts. These techniques currently appear to be less effective than surgical techniques but involve less morbidity and expense. In some centers, accessory pathway ablation using catheter techniques is the procedure of first choice in selected patients with drug-refractory tachycardia mediated by an accessory pathway. Catheter ablation of ventricular tachycardia should be reserved for patients with mappable ventricular tachycardia who are not candidates for cardiac electrosurgery or insertion of an automatic defibrillator. The development of more flexible catheters and more manageable energy delivery systems holds promise for more effective catheter techniques.
